Using an endotoxaemia model in conscious guinea pigs, we previously reported that polymyxin B immobilized fiber-direct hemoperfusion (PMX-DHP) or administration of sivelestat are effective treatments for sepsis. In the present study, we investigated whether simultaneous treatment with PMX-DHP and sivelestat sodium was more effective than either treatment alone for sepsis. Measurements examined included intestinal paralysis, blood pressure, serum HMGB1 level and survival rate. Colonic motion was monitored continuously by telemetry using a transducer attached to the taenia caecum, while blood pressure was monitored with a carotid artery catheter. The guinea pigs were divided into 4 groups and lipopolysaccharide (LPS) was administered to all animals. The control group received only LPS. The remaining three groups received PMX treatment for 2 hours, sivelestat sodium administration for 2 hours or simultaneous PMX and sivelestat treatment for 2 hours. In the control group, decreased colonic muscle tension and arterial pressure, and increased serum HMGB1 levels were observed and all animals died within 30 hours. In the PMX-DHP treated group, the decreases in colonic tension and arterial pressure were less severe than for the control group and the survival rate was higher than the control group, but serum HMGB1 levels were not significantly different. In the sivelestat group, decreases in colonic tension and arterial pressure were not significantly different with the control group, but serum HMGB1 levels were lower than in the control group. Simultaneous treatment with both PMX-DHP and sivelestat sodium did not exhibit synergistic effects for the treatment of LPS-induced endotoxaemia and mortality. PMX-DHP was effective at treating sepsis induced by administration of a high dose of LPS in guinea pigs, but simultaneous administration of sivelestat sodium did not augment the efficacy of PMX-DHP treatment. (JJAAM. 2012; 23: 12-20) 
INTRODUCTION
LPS simultaneously activates multiple, parallel cascades that contribute to the pathophysiology of adult respiratory distress syndrome (ARDS) and septic shock. The effect of LPS precedes monocyte, neutrophil and platelet activation. Therefore, LPS-induced effects are reported to occur multiple biochemical effects 1) . Monocytes release cytokines that activate neutrophils, lymphocytes and the vascular endothelium and up-regulate cellular adhesion molecules. Neutrophils release elastases and superoxide-derived free radicals that directly damage tissues. Platelets release 2-arachidonoil glycerol (2-AG), an endogenous cannabinoid, that regulates intestinal and vascular tones 2, 3) .
Ninomiya N, et al 4) . have reported that LPS administration induces the production of 2-AG, leading to paralytic ileus mediated by cannabinoid (CB)-1 receptors. It has been shown that the elimination of 2-AG by polymyxin B immobilized fiber-direct hemoperfusion (PMX-DHP) reduces paralytic ileus 5) . In cases of patients with increased blood pressure resulting from PMX-DHP treatment, the plasma concentration of 2-AG was decreased 6, 7) .
Neutrophil elastase (NE) is a liposomal protease that is Effects of simultaneous treatment with PMX-DHP and sivelestat on endotoxaemia in conscious guinea pigs released in response to inflammation. NE exhibits proteolytic activity on connective tissues, coagulated blood, fibrinolytic factors and complement factors. The proteolytic activities of NE result in ARDS-related lung injury. Sivelestat sodium hydrate (sivelestat) is a specific NE inhibitor that inhibits increases in vascular permeability mediated by NE. Sivelestat is used to treat acute lung injury (ALI) 8, 9) . In Japan, sivelestat has been widely used in clinical practice since 2002. However, in the United States and Europe, the effectiveness of sivelestat was not observed in the multi-center, double-blind, placebo-controlled trial (STRIVE study) 10) .
In clinical practice, we often experience a very high incidence of ALI/ARDS among septic patients. PMX-DHP and sivelestat has been used to treat sepsis in patients with ALI/ARDS. A synergistic effect is expected due to the different targets and mechanisms of action of each treatment. In this study, we examined the efficacy of simultaneous treatment with PMX-DHP and sivelestat against endotoxemia using an in vivo model developed in our laboratory [11] [12] [13] . This model is unique in that it does not utilize anesthesia, and can therefore be used to measure levels of resting tension of intestinal smooth muscle and blood pressure, thereby affording greater accuracy than models that require sedation. Furthermore, the model has clinical relevance because it uses guinea pigs, which have a high sensitivity to endotoxins, like humans. We examined the effects of PMX-DHP and sivelestat on LPS-induced colonic movement paralysis, blood pressure and survival rate. We also studied the effects on high mobility group box-1 protein (HMGB-1) which is a mediator of lethal endotoxemia and sepsis whose signaling is influenced by Toll-like receptor (TLR) -4 14, 15) . The goal of the study was to determine whether simultaneous administration of PMX-DHP and sivelestat counteracts the effects of endotoxemia and whether combined therapy is more effective than monotherapy.
METHODS

Animal model
Male Hartley guinea pigs (350 to 400 g, Sankyo-labo Co. Tokyo, Japan) were used after approval of the Animal Experimental Ethical Review Committee of Nippon Medical School (No. 21-069). The animals were allowed free access to tap water and laboratory animal food and were housed in a temperature and humidity-controlled room with a 12-h light/dark cycle. They were acclimated to the experimental environmental conditions for at least 7 days before experiment.
Surgical procedures
Surgical procedures were carried out as described previously with a few modifications 12) . The guinea pigs were anesthetized with sodium pentobarbital (30 mg/kg, i.p.), and the hair over the abdomen, anterior portion of the neck and between the scapulae was shaved. The skin was sterilized with povidone-iodine (Meiji, Tokyo, Japan). Surgery was performed with the animals on a warming pad maintained at 37˚C under sterile conditions. First, a 3-Fr heparin-coated polyurethane catheter (CBAS-C30; Instech, Solomon, PA) was inserted into the left carotid artery to measure arterial pressure. Another catheter was then inserted into the jugular vein for drug administration. Both catheters were secured to the neck muscle, tunneled subcutaneously, and accessed between the scapulae. The exterior portions of the catheters were connected to a cannula swivel (Model TSC2-21; Tsumura, Tokyo, Japan). The arterial catheter was connected to a receiver (IMT-10RA; Star Medical, Tokyo, Japan) through a blood pressure transducer (Model DX-360; Nihonkohden, Tokyo, Japan). A force transducer (3 × 5 mm, F-041S; Star Medical) was then sutured to the taenia caecum to monitor intestinal movement. A cylindrical electric transmitter (15 × 35 mm, IMT-10T; Star Medical) was connected to the transducer via a cable embedded beneath the dorsal skin and sutured in place. Signals from the transmitter were detected by a receiver (IMT-10RA; Star Medical) placed directly beneath the cage. The transmitted data provided continuous records of tension changes in the intestinal longitudinal muscle and arterial pressure changes that were stored in a computer for later analysis.
Extracorporeal circuits
PMX in small modules (internal diameter, 5 mm; length 13 mm; capacity, approximately 1 ml; amount of immobilized polymyxin B, approximately 3 mg) were provided by Toray Medical (Tokyo, Japan). To remove any residual free polymyxin B particles, the module was washed immediately before hemoperfusion with 20 ml of heparinized saline (heparin, 25 U/ml) and then with 20 ml of non-heparanized saline. The arterial catheter was connected to the cannula swivel on the day of surgery and was then connected an infusion pump (ZP-101H; Terumo; Tokyo) via a three-way stop-cock, and a PMX module was set up at the exit of the pump. The module was oriented vertically to allow upward flow of blood.
The venous catheter was connected to the exit flow of the module, completing the extracorporeal circuit.
Measurement of colonic muscle tension (CMT) and mean arterial pressure (MAP)
Animals were separated into four groups. All groups received LPS (10 mg/kg, i.v. bolus). The control group (n=4) did not receive any further treatment. The PMX-DHP group (n=4) received PMX-DHP treatment (30 ml/h × 2 h). The sivelestat group (n=4) received sivelestat (30 mg/ kg/h d.i.v. × 2 h) treatment. The PMX-DHP + sivelestat group received sivelestat (30 mg/kg/h d.i.v. × 2 h) and PMX-DHP (30 ml/h × 2 h) treatment simultaneously.
In the PMX-DHP group, on the day following the operation, colonic movement and blood pressure had returned to normal, and direct hemoperfusion was carried out with the small PMX module (Fig. 1) . LPS (10 mg/kg) was administered through the venous catheter after stable colonic movement and blood pressure were observed, 15 min after initiating treatment with PMX-DHP. PMX-DHP treatment was continued for 2 h at 30 ml/h after administration of LPS. Nafanostat mesilate (0.4 mg/h) was used as an anticoagulant.
In the sivelestat group, LPS (10 mg/kg, i.v.) was administered 15 min after initiation of the sivelestat infu-sion (45 ml/h). Drip infusion of sivelestat was continued for 2 h after LPS administration due to the short blood half life of sivelestat (131.4 min). The concentration of sivelestat used was based on previous studies 16) .
In the PMX-DHP + sivelestat group, LPS (10 mg/kg, i.v.) was administered 15 min after the simultaneous initiation of PMX-DHP (30 ml/h) and sivelestat infusion (45 ml/h).
Intestinal tension and blood pressure were measured from 30 min before administration of LPS to 6 h after, with readings taken every 30 min.
Measurement of serum HMGB-1
Arterial blood (0.5 ml) was obtained from each guinea pig before and 2, 4 and 6 h after the administration of LPS. Blood samples were immediately centrifuged at 2,000 g at 4˚C for 10 min. The isolated serum was stored at -80˚C until assay. HMGB-1 levels were measured using a HMGB-1 ELISA kit II (Shino-Test, Kanagawa, Japan).
Mortality of guinea pigs injected with LPS
To study survival rates, the guinea pigs were randomized into four groups and injected intravenously with LPS (10 mg/kg) 15 min after initiating PMX-DHP and/or 
Chemicals
The following chemicals were used: heparin sodium (Wako Pure Chemical Industries, Osaka, Japan), lipopolysaccharide (LPS, E. coli serotype O111:B4; Sigma Chemical, St. Louis, MO), nafamostat mesilate (Futhan R , Torii Pharmaceutical Co., Tokyo, Japan), pentobarbital sodium (Schering Plough, Kenilworth, NJ). Sivelestat sodium hydrate (Elaspol R ) was purchased from Ono Pharmaceuticals (Osaka, Japan). Chemicals were diluted in sterile saline.
Statistical analysis
All experimental results are shown as mean ± SEM. Comparisons of two groups as a function of time were performed by repeated measures analysis of variance (ANOVA), followed by post hoc tests with Bonferroni correction. The data sampling times for the repeated measures ANOVA were 1, 1.5 and 2 h for the measure of CMT and MAP, and 2, 4 and 6 h for the measure of HMGB1 levels. The Kaplan-Meyer test was used for analyzing the effects of PMX-DHP or/and sivelestat on mor-tality in LPS-treated guinea pigs. P-values less than 0.05 were considered statistically significant.
RESULTS
Effects of PMX and/or sivelestat on CMT and MAP following LPS administration
Following intravenous administration of LPS to the control group, CMT immediately began to decrease and reached a plateau after approximately 2 h at 58.0 ± 2.6 % of baseline levels (Fig. 2) . In the PMX-DHP group, there was a significant inhibition (p=0.001) of the CMT depression 1, 1.5 and 2 h after LPS administration when compared with the control group. In the sivelestat group, there was an inhibition of CMT depression up to 2 h after LPS administration but it was not significant when compared with the control group. Also, in the siveletat group, CMT depression from 2.5 to 3.5 h after LPS administration was similar to the control group. After 3.5 h, CMT started to increase. In the PMX-DHP + sivelestat group, there was a significant inhibition (p=0.001) of the CMT depression after LPS administration. The CMT values of the control and PMX-DHP + sivelestat groups were significantly different (p=0.01). There was no significant 
Effects of PMX and/or sivelestat on LPS-induced decreases on survival rates
The survival rate was significantly higher in the PMX-DHP group than in the control group (Fig. 5) . The PMX-DHP + sivelestat and sivelestat group survival rates were, higher than the control group, but there was no statistically significant difference. There was no significant difference between the survival rates for the PMX-DHP + sivelestat and PMX-DHP groups.
DISCUSSION
Treatment of endotoxin shock has been approached in two ways. The first approach is to remove circulating endotoxins. One method for endotoxin removal is perfusion difference in CMT values between the PMX-DHP group and PMX-DHP + sivelestat group, indicating that there is no synergistic effect of the two treatments on the recovery of CMT.
In the control group, MAP was 61.7 ± 2.1 mmHg before LPS administration and dropped to 48.4 ± 2.7 mmHg 1 h after LPS administration (Fig. 3) . In the PMX-DHP group, MAP levels were 52.9 ± 1.1 mmHg 1h after LPS administration, indicating that PMX-DHP significantly improved MAP depression induced by LPS administration. There was a significant difference in MAP values between the control and PMX-DHP groups (p=0.01). There was no significant difference in MAP values between the sivelestat and control groups. In the PMX-DHP + sivelestat group, the treatment significantly improved MAP depression induced by LPS administration. There was a significant difference in MAP values between the control group and PMX-DHP + sivelestat group (p=0.04). However, there was no significant difference in the effect on MAP values between the PMX-DHP and PMX-DHP + sivelestat groups.
Effects of PMX and/or sivelestat on LPS-induced increases in serum HMGB-1 levels
In the control group, serum levels of HMGB-1 increased with time after LPS administration (Fig. 4) . How- through medical devices consisting of polymyxin B immmobilized fiber (PMX) columns. The second approach is to target the many pro-inflammatory mediators induced by endotoxin exposure. In the present study, we investigated the combined effects of these two approaches using PMX-DHP and sivelestat treatment in vivo guinea pig model of endotoxaemia. We found that PMX-DHP effectively treated the symptoms of severe endotoxaemia induced by high dose LPS administration. However, simultaneous administration of sivelestat did not result in a synergistic effect. It has been shown that LPS-induced CMT and MAPdepression are LPS-dose dependent. Administration of LPS at 10 mg/kg, i.v. showed the maximum reaction and resulted in death of all subjects in a previous study 11) . For such severe endotoxaemia, PMX treatment was clearly effective and significantly improved survival rates. PMX treatment removes LPS and LPS-induced endocannabinoids 5, 12) . Endocannabinoids, particularly 2-arachidonylglycerol (2-AG), are attracting attention as early initial mediators of sepsis 17, 18) . PMX treatment is effective because it is etiotropic. In contrast, sivelestat inhibited the decrease of CMT immediately after LPS administration, but was ineffective against the high dose of LPS 2 h after administration when the systemic inflammatory response had expanded 19) .
In the present study, we also measured HMGB-1, a mediator of inflammation, during LPS-induced endotoxaemia using an HMGB-1 ELISA Kit II capable of detecting trace levels of HMGB-1 20) . HMGB1 levels increased immediately after LPS administration and continued to increase with time. Sivelestat significantly suppressed LPS-induced increases in HMGB1 levels. These results indicate that HMGB1 production increases early in the LPS-mediated activation of neutrophils, and that sivelestat can inhibit this process. While PMX-DHP reduced the levels of HMGB1, there was no significant difference compared to the control group. HMGB1 levels were not suppressed in the PMX-DHP + sivelestat group but were suppressed in the sivelestat group. This result indicates that PMX-DHP may counteract the action of sivelestat. However, there was no significant difference between the two groups. Interestingly, PMX-DHP treatment significantly improved survival rates, indicating that the increases in HMGB1 levels observed up to 6 h after LPS administration may not be correlated with survival rates. In the later phase, it has been reported that higher HMGB1 levels lead to higher mortality in vivo 21) . Therefore, it is necessary to determine the levels of HMGB1 in the later phase. The improved survival rates with PMX-DHP treatment were decreased in the presence of sivelestat. Although there was no significant difference in survival rates between the groups treated with PMX-DHP with sivelestat or PMX-DHP alone, sivelestat administration might reverse the effects of PMX-DHP. Additional studies are needed to better understand the interactions of PMX-DHP and sivelestat.
We have previously shown that the dose of sivelestat (30 mg/kg/h) used in this in vivo study improved the symptoms of low dose LPS administration (0.3 mg/ kg) 13) . In the previous study, it was shown that early infusion of sivelestat effectively improved outcomes. In the present study, using a high LPS dose (10 mg/kg), sivelestat at 30 mg/kg/h (sufficiently high dose) showed only limited effects. For acute lung injuries in humans, the therapeutic dose of sivelestat is 0.2 mg/kg/h. In the STRIVE clinical study, however, sivelestat was not effective 10) . This finding was different from tests carried out in Japanese patients with less severe acute lung injury, where the treatment was effective 8) . In contrast, for PMX treatment, significant positive clinical effects were observed during the EUPHAS study carried out in Italy 22) . Clinical studies of PMX are currently ongoing in several other countries. As a result of these clinical studies, PMX will likely be used for the treatment of sepsis in countries other than Japan.
In summary, we studied the effect of a combination therapy using PMX and sivelestat treatment with a guinea pig model of endotoxaemia. PMX treatment alone improved survival rates, inhibited intestinal damage and counteracted depression of blood pressure. However, no synergistic effect was observed with simultaneous PMX and sivelestat treatment. Although sivelestat suppressed LPS-induced increases in HMGB1 levels, it did not result in improvement of the symptoms.
